Abstract Nitric oxide (NO) is produced by energetic particle precipitation (EPP) in the mesosphere-lower thermosphere (MLT) region, and during the polar winter, NO can descend to stratospheric altitudes where it destroys ozone. In this paper, we study the general scenario, as opposed to a case study, of NO production in the thermosphere due to energetic particles in the auroral region. We first investigate the relationship between NO production and two geomagnetic indices. The analysis indicates that the auroral electrojet index is a more suitable proxy for EPP-produced NO than the typically used midlatitude Ap index. In order to study the production and downward transport of NO from the lower thermosphere to the mesosphere, we perform superposed epoch analyses on NO observations made by the Solar Occultation For Ice Experiment instrument on board the Aeronomy of Ice in the Mesosphere satellite. The epoch analysis clearly shows the impact of the 27 day solar cycle on NO production. The effect is observed down to an altitude range of about 50 km to 65 km, depending on the hemisphere and the occurrence of stratospheric warmings. Initially, a rapid downward transport is noted during the first 10 days after EPP onset to an altitude of about 80-85 km, which is then followed by a slower downward transport of approximately 1-1.2 km/d to lower mesospheric altitudes in the order of 30 days.
Introduction
Electrons and protons originating from both the Sun and the Earth's magnetosphere can impact the atmosphere where they interact with the present background chemical constituents ( , and references therein). The altitudes impacted by EPP depend on the type of particle and its initial energy. The frequently occurring auroral electrons (∼1 − 10 keV) typically deposit their energy in the thermosphere down to 100 km, whereas the less frequent relativistic electrons (∼1 − 4 MeV) can reach the lower mesosphere and stratosphere [Berger et al., 1970] . The precipitating electrons will dissociate or ionize atmospheric N 2 , O 2 , and O in the mesosphere-lower thermosphere (MLT) region which on subsequent reactions will form NO x (NO+NO 2 ) [e.g., see Barth, 1992; Porter et al., 1976] . The NO concentrations have a maximum in number density in between 105 km and 110 km altitude [Siskind et al., 1998 ] and have a lifetime of approximately 1 day or less in the mesosphere under sunlit conditions but can remain for several weeks in the polar winter [e.g., Minschwaner and Siskind, 1993; Siskind, 2000] .
During polar winter and especially during Sudden Stratospheric Warming (SSW) events, the abundant NO x produced in the thermosphere by EPP can be transported downward to stratospheric altitudes [Callis and Lambeth, 1998; Randall et al., 1998 ]. This process is referred to as the EPP indirect effect [Randall et al., 2007] . NO x produced in situ in the stratosphere during intense geomagnetic storms, and solar proton events is a direct effect of EPP [e.g., Rohen et al., 2005; Jackman et al., 2005] .
In the stratosphere, NO x can catalytically destroy ozone and therefore alter the ozone distribution and the heat budget. The transport from the lower mesosphere to stratosphere during stratospheric warmings has been investigated in both observational [e.g., Funke et al., 2005; Randall et al., 2009; Orsolini et al., 2010; Pérot et al., 2014] and model studies [e.g., Kvissel et al., 2012; Tweedy et al., 2013; Holt et al., 2013] . Atmospheric chemistry models are able to capture this downward transport but fail to accurately represent initial NO concentrations in the lower mesosphere, indicating that insufficient NO travels downward from lower thermospheric altitudes compared to observations [e.g., Smith et al., 2011; Sheese et al., 2013] .
In this study, we will focus on the production and transport of NO in the MLT region during and after periods of enhanced particle precipitation. We first compare the correlation of NO with two proxies of particle precipitation: the planetary Ap index and the auroral electrojet index. We then define a general scenario of EPP and investigate its impact on atmospheric NO by means of superposed epoch analyses. A description of the data sets used can be found in section 2. The results are presented in section 3 and discussed in the following subsections. In section 4, conclusions and outlook are given.
Description of Data Sets

AE and Ap Indices
The auroral electrojet (AE) and the daily planetary Ap index are geomagnetic indices (for a detailed description, see e.g., [Menvielle et al., 2011] ) and are used as proxies for EPP in atmospheric chemistry and transport models [e.g., Marsh et al., 2007] . The planetary 3-hourly ap and daily Ap indices are linearized geomagnetic indices, derived from the quasi-logarithmic Kp index. The Ap index has values ranging from 0 to 400 (corresponding to Kp = 0 and Kp = 9, respectively), measured in units of 2 nT (hereinafter, we omit the units, as is often done) [Dieminger et al., 1996] . These indices represent overall geomagnetic activity over the Earth and are determined from 13 observatories stationed in the midlatitudes (46 ∘ to 63 ∘ North and South). The magnetic perturbation here is mainly caused by the ring current, the auroral electrojet, and field-aligned current variations and shows a semiannual oscillation that peaks during equinox [Cliver et al., 2002] .
The auroral electrojet has an eastward and westward component which are described, respectively, by the AU and AL geomagnetic indices. It is observed from 10 to 13 stations in the high northern latitudes in 1 min intervals. As a measure of global electrojet activity in the auroral zone, Davis and Sugiura [1966] introduced a composite index AE = AU − AL which is a direct measure of the total maximum amplitude of the auroral electrojet. The AE index has an annual cycle with minimum intensity during winter months and maximum intensity in summer, which relates to different physical processes in AU and AL due to seasonal changes in the electric field of Earth's magnetosphere [Ahn et al., 2000] . Although the physical meaning and usefulness of the AE index has been questioned [Kamide and Rostoker, 2004] , it is shown by Newell and Gjerloev [2011] that the AE index correlates much better with precipitating auroral power than, e.g., Kp or other geomagnetic indices. Based upon that result, one might expect a better correlation of NO above 100 km with the AE index rather than the planetary Ap index. Despite this, studies of NO have generally used Ap as the proxy for auroral activity [see e.g., Siskind et al., 1989; Solomon and Barth, 1999; Siskind et al., 2000; Barth and Bailey, 2004] although Sinnhuber et al. [2011] did use AE. In the current literature, there has been no systematic comparison of the relative utility of these two indices as proxies for NO production. In the following sections, we provide such a comparison.
Note that no equivalent index is available for the Southern Hemisphere; we therefore assume that EPP is symmetric between hemispheres and use AE for both. The data for the geomagnetic indices are downloaded from the World Data Center for Geomagnetism, Kyoto, and in this study we use daily averages for both Ap and AE indices.
Most particle precipitation occurs in the auroral oval region, and Solar Occultation For Ice Experiment (SOFIE) observations show that the majority of NO is produced within 70 ∘ Λ to 80 ∘ Λ, where Λ denotes the altitude-adjusted corrected geomagnetic latitude [Baker and Wing, 1989] . In order to make sure that the observed NO is due to direct deposition, and not meridionally transported into the region, we restrict our analysis to geomagnetic latitudes from 65 ∘ Λ to 85 ∘ Λ in this study.
SOFIE/AIM
The Solar Occultation For Ice Experiment (SOFIE) instrument [Gordley et al., 2009] Gómez- Ramírez et al. [2013] discusses the retrieval methods and applied corrections for the NO signal processing. Due to large thermal oscillations in the detector during the NH satellite sunrise measurements, many individual profiles are not retrievable below an altitude of 80 km in the Northern Hemisphere. In the final data product, a VMR limit of 10 −10 ppv is determined to be a lower limit where the signal-to-noise ratio is sufficient to derive concentrations of atmospheric constituents. Values below this limit were removed from the data set, prior to analysis. The reader is referred to Gómez-Ramírez et al. [2013] for further details.
Comparison with NO measurements from the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) satellite [Bernath et al., 2005] between 87 km and 105 km shows no apparent bias in SH measurements, while SOFIE showed in the NH a systematic difference in the order of −20% to −30% with respect to ACE-FTS below 93 km and −20% to 0% above 93 km [see Gómez-Ramírez et al., 2013] . While the data have not been formally validated above 105 km, SOFIE NO profiles were compared to NO from the Halogen Occultation Experiment (HALOE) [see Russell et al., 1993] . Although they are separated by many years, SOFIE-HALOE NO differences are less than 50% for 80 km to 130 km altitude (not shown).
In this study, we use all the available SOFIE NO data (version 1.2, available on sofie.gats-inc.com) from the start of measurements until 30 April 2014. Figure 1 shows the evolution of daily averaged NO measurements in the auroral region (65 ∘ Λ to 85 ∘ Λ) for the Northern and Southern Hemispheres. Effects of stratospheric warmings can be seen in the Northern Hemisphere during the polar winters of 2008/2009, 2011/2012, and 2012/2013 , bringing air enriched with NO down to the middle atmosphere. The Southern Hemisphere had no stratospheric warmings during the period studied (only one was observed in 2002) [see e.g., Liu and Roble, 2005] and shows an annual cycle where NO concentrations build up and descend during winter. Due to sunlight destruction in summer [Cieslik and Nicolet, 1973] , lower concentrations of NO are observed during summer than during winter at similar altitudes. In the Northern Hemispheric data, this cycle is less pronounced below 90 km due to fewer valid measurements. Short-term variations due to EPP can be seen in NO VMR in both hemispheres around 100 km altitude. Black lines indicate selected AE events which are explained in section 3.2.1. Figure 2 shows the variation of daily VMR averages of NO between 100 km and 115 km in geomagnetic latitudes of 65 ∘ to 85 ∘ during the Northern Hemispheric summers of 2008 and 2011. Also shown are the daily AE and Ap indices. The variation of NO follows the indices closely and when increases in the geomagnetic indices occur (in association with enhanced EPP), the NO concentrations will typically be enhanced 1 day later. The maximum in correlation coefficient of lower thermospheric NO with such a geomagnetic index is found with a 1 day lag in NO, in agreement with previous studies [see e.g., Solomon and Barth, 1999; Newnham et al., 2013] . We show a period of 4 months in a year with low (2008) and high (2011) geomagnetic activity to highlight the differences between the indices. AE and Ap are closely correlated in the period of low geomagnetic activity but diverge from one another when the geomagnetic activity is high. We note that the correlation with NO remains high for both winter and summer time conditions, but the change in NO production per unit change in Ap or AE will be larger during winter than during summer (not shown). This is due to the competing NO destruction by sunlight during summer.
Results
Geomagnetic Indices: Proxy for NO Production
Considering the months May-June-July-August (MJJA) and November-December-January-February (NDJF) in both hemispheres, we calculated the correlation between the daily averages of the lower thermospheric NO (in between 100 and 115 km altitude) and the geomagnetic indices. Figure 3 (top) shows the correlation coefficient of NO with Ap (r NO,Ap ) and AE (r NO,AE ) as a function of how well AE and Ap are correlated (r AE,Ap ). The correlations of the indices with NO are calculated with a 1 day lag in the latter, and the correlation coefficient values (r) vary in number from 0.51 to 0.86. This variation in r is independent of season, year, or hemisphere, which suggests that both the AE index and the Ap index are reasonable proxies for EPP above 100 km in both hemispheres.
In order to give an indication which geomagnetic index correlates better with NO, we plot the difference r NO,Ap − r NO,AE as a function of r AE,Ap in Figure 3 (bottom). Out of the 26 investigated periods, only 4 give a difference r NO,Ap − r NO,AE that is positive, i.e., a higher correlation with the Ap index, but the difference is very small (< 0.018). In all the other periods the correlation is higher with the AE index, which suggests that it is a more suitable proxy for auroral NO production, rather than the generally used Ap index. The differences in correlation become larger (more negative) as the mutual correlation between AE and Ap is lower. This is consistent with the result of Newell and Gjerloev [2011] , investigating the relation of different geomagnetic indices to the auroral power. The square of the correlation coefficient r is called the coefficient of determination (r 2 ) and indicates how well the data fit a linear relationship [Draper and Smith, 1998 ]. For the southern winter of 2011, the correlation coefficient of NO with the AE index is 0.75 (see Figure 3) , meaning that 56% of the NO variation is explained by a linear relationship with the AE index. The coefficient of determination with the Ap index for that winter is only 30%, which indicates that the AE index is 26% better in explaining variations in NO than the Ap index. The majority of the other studied periods in Figure 3 shows that the AE index is on average around 10% better (coefficient of determination varies between 26% and −3%). It is to our knowledge the first time the relationship between NO and different geomagnetic indices has been investigated, and this result suggests that the auroral electrojet (AE) is a more useful geomagnetic index than the planetary Ap index as a proxy for EPP-produced NO.
Superposed Epoch Analysis
A statistical tool to highlight a possible response of one quantity (NO) after or before a signal in another quantity (AE) is Superposed Epoch Analysis (SEA) [e.g., Chree, 1913; Robert et al., 2010] . In a SEA, one selects certain events according to one or more criteria and investigates the response before and after, in a chosen time window or epoch. All these events are averaged together to get the general response around an event. In order to calculate the significance levels, a Monte Carlo process is applied: over the whole data set random events and their epochs are chosen and the 68th and 95th percentiles (or 1 and 2 levels correspondingly) are calculated [Laken andČalogović, 2013] . A statistically significant signal is assumed when a response value and its error bar lie above the 1 level. In this study, 5000 Monte Carlo iterations were performed.
NO is long lived during winter at high latitudes due to darkness but is rapidly destroyed by sunlight in the summer months. Since we are interested in the production of NO by particle precipitation, we need to remove the constant buildup that occurs especially during the winter to focus on the short-term response. The variation (ΔNO, ΔAE) is thus calculated by subtracting a smooth filter of 27 days (i.e., a box-car running mean) from the observations, a methodology similar to that of Friederich et al. [2014] . In order to check if this filter introduces artificial signals, a second high pass filter of 45 days was tested: the results remained unchanged. The criterion for selecting potentially enhanced EPP events is that the variation in the AE index is larger than 100 nT. The date on which this criterion is met, we mark as an AE event. The epoch around the event is > ±30 days wide. Earth affecting solar proton events (SPE, downloaded from http://umbra.nascom.nasa.gov/SEP/) were removed from the analysis from the day of onset until 3 days after its maximum. However, we found that removing SPEs had no significant impact on the conclusions of the paper. Figure 4 shows results of a SEA performed on the daily variation of AE and NO. The entire data set contains 104 selected events with ΔAE≥ 100 nT. A smoothing is applied by calculating triangular averages over 3 days, with the central day having twice the weight of the other days. The NO concentrations are the average of mixing ratios between 100 km and 115 km altitude in the auroral region of the Northern (Figure 4 , middle) and Southern (Figure 4, bottom) Hemispheres. The AE index shows the maximum peak at day 0 as this is the selection criteria. The AE response remains high on day 1 and returns to normal levels on day 3. Twenty seven days before and after the onset, significant increases are also seen. This 27 day cycle is due to long persisting coronal holes and the associated high-speed solar wind streams, which will then recur in line with the solar rotation [e.g., Zirker, 1977; Gopalswamy, 2008] . The response in nitric oxide shows a similar 27 day cycle and is lagged by 1 to 2 days. Days 1 and 2 have the highest NO enhancement, while the variations 27 days earlier and later are smaller by a factor of 2 or 3. The fact that the signal in NO is clearly present in both hemispheres again confirms that the AE index can be used as a proxy for EPP in the Southern Hemisphere as well.
Effect of 27 Day Solar Cycle
In order to study the effects of EPP on NO in winter and summer, respectively, we analyzed the subset of the 104 selected AE events that happened in the NDJF period (and thus affected NH winter and SH summer) and the MJJA period (thus affecting SH winter and NH summer). Figure 5 (left column) shows the epoch analysis for the period NDJF which resulted in 22 selected events. Figure 5 (right column) shows 43 events in the MJJA period. The majority of these events (indicated with a black line in Figure 1 ) occur during the maximum and declining phase of the 11 year solar cycle, which is when the geomagnetic disturbances generally are the largest. Corotating high-speed solar wind streams make a large contribution to geomagnetic activity: they account for 70% of the geomagnetic activity during the declining phase of the solar cycle, while they account for 30% of the geomagnetic activity during solar maximum [Richardson et al., 2000] , implying that the strength of the 27 day signal will vary throughout the 11 year solar cycle. In the NDJF period, 86% of the selected AE events were due to Earth facing coronal holes (http://www.solen.info/solar/coronal_holes), of which 77% were reoccurring (i.e., lifetimes greater than one solar rotation), thus resulting in a clear 27 day signal. The SEA on AE variations for the 43 selected events in the MJJA period indicates a similar 27 day pattern, with ΔAE≈ 145 nT on day zero. Coronal holes account for 87% of the 43 events, of which 69% are corotating high-speed solar wind streams. 
NO Response and Transport
To study the response of NO as a function of altitude, we have performed SEAs at altitudes from 35 km to 130 km in bins of 3 km and shifts of 1 km, where we selected positive NO enhancements. Figure 5 (middle row) show the impact of NO on the Northern Hemisphere, and Figure 5 (bottom row) shows the equivalent for the Southern Hemisphere. Positive NO enhancements are shown on a logarithmic color scale where the 1 significance levels are indicated with white contours and where the grey background represents no or negative changes in NO.
To start, we focus in Figure 5 (left column) the 22 events in the NDJF period, which correspond to NH winter and SH summer. In the northern winter, a clear 27 day cycle can be seen in the lower thermosphere that, when reaching altitudes in the mesosphere and stratosphere, shifts in time with respect to the onset of the period of enhanced AE, indicating a downward propagation of NO. Note that the logarithmic scale makes the NO mixing ratios associated with the 27 day lagged response appear of similar magnitude as the response on day zero, even though the magnitudes are a factor 2 to 3 smaller.
The strongest NO response is seen on days 1 and 2 after the AE increase starts, and direct production occurs down to altitudes of 104 km in the NH and 96 km in the SH. The general signal of elevated AE lasts for 3 days, and the significant NO production stops at day 5 at 130 km altitude, indicating that the direct production of NO by precipitating particles stops. In winter time, the lower altitude of the layer where NO variations are significant decreases from 104 km on day 0 to 84 km on day 5. While this appears to be mainly due to downward transport, there might be a contribution from direct production by more energetic particles arriving later during geomagnetic disturbances. These higher energetic electrons penetrate deeper in the atmosphere and lag the onset of the disturbance with 1 to 2 days, but their fluxes are much lower (a factor 10 to 1000 less) than the auroral electron fluxes [Meredith et al., 2011] . As time progresses, the significant levels of increased NO vary between similar altitudes of 82-84 km in the span of 8 to 10 days after the initial enhancement. The descent, however, continues down to stratopause altitudes, indicating a downward transport of approximately 1 km/d, albeit not at significant levels. A similar descent rate of 1.16 km/d was found by Smith et al. [2011] in Whole Atmosphere Community Climate Model simulations. The loss of significance is due to less available NO data in the Northern Hemisphere, as can be seen from the NO data set in Figure 1 . The 27 days before and after show a similar picture but with less NO enhancements, consistent with a weaker AE signal. The Southern Hemispheric summer shows a similar 27 day cycle with most intense NO production during the first days after the enhanced EPP period. Due to the presence of sunlight, NO will be broken down: as the input of precipitating particles subsides, NO destruction eventually dominates over direct production.
Moving to Figure 5 (right column), the 43 events in the MJJA period which correspond to NH summer and SH winter. Note that this period contains different geomagnetic disturbances than in the NDJF period, so no direct comparison can be made. In the northern summer, there are enhancements in NO above 90 km at a 27 day interval, similar to the SH summer. The direct NO production in the Southern Hemispheric winter reaches down to 92 km altitude on day 1 and 82 km on day 4 when the AE signal subsides. The following weeks NO descends to lower altitudes of 65 km on day 20 and 45 km on day 34. This suggests an approximate descend rate of 1.2 km/d in the polar vortex. A similar downward transport of NO is absent for the 27 days before and after the central day, which, as we will see, is partly explained by the lack of SSW in the SH, but may also result from the fewer reoccurring coronal holes during the MJJA period.
Influence of Stratospheric Warmings in the NH
As can be inferred from the NO data shown in Figure 1 , the Northern Hemisphere is subject to sudden stratospheric warming events, which results in enhanced descent of NO-rich air [Randall et al., 2005; Kvissel et al., 2012; Bailey et al., 2014] . No SSW occurred in the Southern Hemisphere during the studied period. In the NDJF period, there are three selected AE events that occur during a stratospheric warming with prominent downward transport of NO: they occur on the dates 4 February 2009, 14 February 2012, and 26 January 2013. In order to investigate the impact of SSWs, we have excluded those events and performed a similar SEA on NO. Also, the event on 16 December 2012 was excluded since the epoch around this date includes the SSW in 2013.
Figure 6 (top) shows the NO response of 22 events with the SSW events included, while Figure 6 (bottom) shows the NO response when the SSWs are excluded (18 events). Excluding the four dates from the epoch analysis does not alter the AE variation significantly, so similar particle precipitation is expected. The production of NO above 100 km shows indeed little variation, and the downward transport remains significant to altitudes of 84 km in both cases. A weaker descent, with lower NO mixing ratios, is seen from around 70 km and downward when the SSW events are not included. Also, the descent of NO mixing ratios 27 days prior to the period of enhanced EPP is weaker when the SSWs are excluded and does not seem to reach altitudes lower than 70 km in this analysis. Multiple data gaps, however, between altitudes of 50 km and 70 km in the Northern Hemisphere, affect the analysis of the downward transport in this region and make it difficult to judge how far the descent continues. Nevertheless, one can conclude that SSWs are an important phenomenon in the NH for bringing EPP-produced NO down into the lower mesosphere and upper stratosphere. In absence of SSW events, the produced NO reaches altitudes of about 70 km. In the SH, SSW events are rare: here however, the stability of the polar vortex permits NO to remain confined in the polar night where it can thus descend deeply into the stratosphere . SOFIE observes the descending NO down to approximately 65 km.
Conclusions and Outlook
In this study, epoch analyses have been used to study the general descent of EPP-produced NO, by combining 22 (43) selected AE events of enhanced particle precipitation in the Northern (Southern) Hemispheric winter. The analysis reveals that the indirect effect of EPP has a 27 day occurrence and contributes to the NO concentrations in the mesosphere. It enables us to clearly observe the effect of the 27 day solar cycle all the way down to about 50 km during the NH polar winter and approximately 65 km during the SH polar winter. Direct production of NO by EPP occurs down to an altitude of 95-105 km. In summer, the EPP-produced NO is quickly broken down after the period of enhanced particle precipitation subsides. In winter, a downward transport is seen to mesospheric altitudes and below. The initial downward motion from the lower thermosphere to the upper mesosphere is likely due to a combination of molecular and eddy diffusion processes and happens on the order of days. A further propagation to the lower mesosphere and stratopause seems to slow down to about 1-1.2 km/d. Sudden stratospheric warmings in the Northern Hemisphere amplify this descent and are important to transport the NO anomaly down to the lower mesosphere and stratopause region. If the SSW events are excluded from the data, the downward transport reaches lower altitudes during the SH winter than during NH winters, which is to be expected given the more stable polar vortex in the Southern Hemisphere. The inferred descent rate is roughly in agreement with what is expected of the polar winter vortex descent rates from model simulations. We plan to use these results to test how well general circulation models represent the downward transport from the MLT region to the lower mesosphere and upper stratosphere. By selecting the same AE events in model simulations, one can determine, in a similar approach to the SEA used in this study, how much NO is brought downward in the atmosphere. The results can then be compared to the enhanced NO values measured by the SOFIE instrument and provide a way of validating model transport to the real atmospheric transport in a statistical sense.
Most particle precipitation occurs in the auroral region, but general circulation models typically use the midlatitude geomagnetic indices (Kp, Ap) as proxies for EPP and NO production. Although these indices correlate well with the production of auroral NO, our analysis indicates that the geomagnetic auroral electrojet (AE)
